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Abstract

This paper describes the implementation, experimentation, and application of con-
act control schemes for a 7-DOF Robotics Rescarch arm. The contact forces and
torques arc measured in the sensor frame by the G-axis force/torque sensor mounted at
the wrist, are compensated for gravity, and arc! then transformed to the too] framnein
which the contact task is defined and executed. The contact control schemes arc imple-
mented on the existing robot position control system at 400 z, do not rcqu ire force rate
information, and arc extremely simple and co: nput ationall y fast. T'hree types of con -
tact control schemes arc presented: compliance control, force control, and dual- mode
control. Inthe compliance control scheme, the contact force is fed back through a lag-
plus-feedforward compliance cent roller so that the end-cflector beh aves like a spring
with adjustable stiflness (i.e., a programmable spring); thus the contact force can be
controlled by the reference position command. i1 the force control scheme,a force
setpoint is used as the command input and a proportional-plus-integral force controller
is employed to ensure that the contact force tracks the force setpoint accurately. In
the dual-mode control scheme, the end-eflector approaches and impacts the reaction
surface in compliance mode, and the control scheme is then switched automatically to
force mode after the initial contact .. been established. In the compliance mode, this
sch eme reduces the system sensitivity to the surface location so as to avoid excessive
forces at impact. in the force mode, exact contact force regulation is achieved which IS
robust to the surface stiflness. The paper is concluded with the application of the pro-
posed schemes to perform a contact-based edcly-current inspection task. In this task,
the robot first approaches the inspection surface in compliance control until it feels that
it has touched the surface, and then automatically levels the end-eflector on the surface.
The robot control systcm then transitions to force control and applies the desired force
on the surface while executing a scanning motion. At the completion of the inspection
task, the robot first relaxes the applied force and then retracts from the surface.




1 Introduction

The need for stable and controlled contact between a robot manipulator and objects in its
environment has been the motivation for considerable research in robotics over the past two
decades. The outcome of this research has been the development of two categories of contact
control schemes: impedance control and force control. Inimpedance control[1 ,2], the goal is
to establish a desired contact dynamnics between the end-effector position and force, rather
than to control the contact force directly. 011 the other hand, the objective of force control (3]
isto causc the contact force to follow the comanded force setpoint as closely as possible. The
impedance and fore.c control schemes can be implemented either as a torque-based controller
which generates the joint torques directly or as a position-based controller which provides a
command input for an inner-Joop position control systein.

This paper describes a set of experiments on contact control carried out on a 7-1)01'"
Robotics Research arm at the NASA-Jet Propulsion Laboratory. Three types of contact
controllers arc discussed; compliance control, force control, and dual -mnode control. The con-
tact control schemes arc implemented as position-based controllers using the robot position
control system as a baseline. The compliance controller is similar to impedance controller
and atteinpts to establish a desired stiflness between the reference position and the contact
force so that the reference position canbe used to control the contact force. The force con-
troller accomplishes accurate force setpoint tracking and is robust to variations in the contact
surface parameters. The dual-inode control scheme enjoys the combined strengths of both
compliance and force control, but dots not suffer from their individual weaknesses.

The paper is organized as follows. The real-ti)llc mnanipulator control systemn used for
the experiments is described in Sections 2 and 3. The contact control schemes and their
experimental results arc discussed in Sections 4 and 5. in Section 6, wc present an application
of contact control scheines to perforin an eddy-currc]lt inspection task. The paper is concluded
in Section 7 with a discussion of the proposed control schemes.

2 Manipulator Control System

The Jet Propulsion Laboratory is developing an end-to- end robotic systemn for remnote inspec-
tionof space structures such as the Space Station Freedom [4]. A basic component of this
system is a dexterous robotic manipulator for placemnent of the inspection sensors. A class
of inspection tasks requires physical contact between the sensing elemnent and the inspected
surface. in this section, wc discuss the basic features of the mnanipulator control system
including hardware, software, and contact control interface.




2.1 Hardware System Description

In this secction, we describe the hardware of the manipulator contro] systemn. The hard-
ware structure is shown in Figure 1 and consists of a Robotics Rescarch Corporation (RRC)
model K 1207 seven degree-of-frecdom (DOF) arim/control unit, a VME-based chassis with
two MC68040 processor boards and additional interface cards, two hand controllers, a motor-
ized rail/control unit on which the arin is mounted, and a Silicon Graphics 1R1S Workstation.
Attached to the end of thearm is an integrated sensor/end- eflector unit consisting of two
CCD cameras with controlled lights, two infrared proximity sensors, a gas sensor, atemper-
ature sensor, a 6-axis force/torque sensor, and a gripper.

The dexterous manipulator used in this study has seven revolute joints in an alternating
roll /pitch sequence beginning with the shoulder roll at the base and ending with the tool-
plate roll at the hand. The shoulder has both a roll and a pitch 1) OF, the elbow has an extra
roll DOF aong the upper-arin in addition to the conventional pitch between the upper-arm
and forcarmn, aud the wrist has a roll DO} aong the forearm, a pitch between the forcarm
and hand, and a roll about the tool-plate. The upper-arrn roll motion alows the arm plane
(formed by the upper-arm and forearm) to rotate about the shoulder-wrist axis, thus provid-
ing the capability for arm reconfiguration without perturbing the hand position. The arin
pedestal is mounted on a mobile platform of amotorized rail which provides onc additional
translational degree-of-freedom that can be treated as a prismatic joint. Therefore, the comn-
plete manipulator system has eight independent joint, dcg;rccs-of-freedom. This system has
two degrecs-of-red undancy, i .c. two ‘extra’ joints, since six joints arc suflicient for the basic
task of end-eflector positionand orientation control in the three-dimclisional workspace.In
the experiments described here the motorized platform is fixed during task exccution, thus
the system is treated as a 7-DOF robot.

The RRC arm is controlled by a. real-time microprocessor-based controller that uses ad-
van ccd control algorithms for high -level dexterous motion control and interfaces directly with
the Multibus-based arin control unit supplied by the manufacturer, The real-time controller
is @ VMEbus- based system that uscs two Motorola MC68040 processors along with vari-
ous data acquisition, memory, and cominunication devices. The VME controller is linked
via socket communication to a Silicon Graphics 1R1S Workstation, which serves as the host
computer for the graphical user interface. The control structure simplifies the integration
of future gencrations of higher-performance hardware and new control techniques as they

become available, and thus provides a growth capability that extends the technical life of the
armn control system.

A hig}l-speed bus interface is used to communicate between the real-time VME chassis
and the arm control unit Multibus chassis. This enables communication with the arm control
unit at high speed (400 Hz) via a shared memory servo level interface. The reason for this




design choi ce is to have 110 software development 011 th e Multibus system. Thus, the cont rol
systemn 011 the VME chassis treats the arim control unit as a joint-space position cent, roller.

2.2 Control System Description

The manipulator Cartesian control flow diagram is shownin Figure 2. The configuration
control technique [5-8] developed at JPL. is implemented inthe VME environment for the
7-DOX RRC arm. The major algorithins for the control systein are the: forward kinematics
and Jacobian computations, a singularity-robust configuration control computation, real-ti~llc
trajectory generationroutines, and contact control algorithms. The various algorithms will
be discussed in this section with the exception of the contact control algorithins which will
be addressed in Section 4. The interface to the contact control algorithins will be discussed
in this section.

2.2.1 Kinematics Computations

The computations of the forward kinematics and Jacobian of the manipulator utilize Craig's
interpretation of Denavit-Hartenberg (DH) paramneters for frame assignment [9,1 0]. This
method provides direct computation of the manipulator Jacobian J in the world framne of the
robot. The configuration control approach is implemented for resolution of redundancy and
computation of inverse kinematics. This approach alows the user to define additional tasks
with assigned weights for redundancy resolution), andyields the singularity-rc)bust inverse
kinemnatic computation:

0s = [ITWd 4 w]- " ITW [ Xa A KB (1)
where Wy and W,, arc the task-space error weights and joint velocity damping weights, F =.

Xq4-- X and K is a diagona matrix with positive elements. Note that (1) can also be written
as.
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where the subscript e refers to the basic task Y = Yz of positioning the hand, and the subscript
¢ refers to additional tasks Z = Zafor redundancy resolution. Cholesky decomposition is
used to solve (2). Equation (1) relics on weighting joint velocities against task-space position
errors. It can be seen that as the Jacobian becomes singular, the velocity weight dominates
in the inverse matrix term in (1), reducing the commanded joint velocities. T'he reduced joint
velocities, in turn, act to retard the arm from reaching the singular configuration.




In the present implementation, arin angle control is chosen as the seventh task. The “arm
angle” is defined as the angle between the arin plane SEW and the vertical plane passing
through the line SW, where S, ¥ and W refer to the origins of the shoulder, elbow and wrist
frames, respectively. This angle uniquely specifics the elbow position for a given hand frame,
and together with the hand coordinates gives a complete representation of the geometric
posture of the whole arm in amost the entire workspace. In the control software, wc usc a
simple and eflicient method described in [1 O) for computing the arm angle and the associated
constraint Jacobian.

In addition to the seven basic tasks, anadditional task is defined for each joint that is near
its limit using the configuration control framework. When joint limits arc approached, the
system actually becomes “deficient” (as opposed to being “redundant” ). The configuration
control algorithm automatically relaxes certain tasks based on their weightings.The joint
limit avoidance task is formulated as an inequality constraint that is activated only when
the joint is within its ‘soft” limit, and is inactive otherwise. Interestingly, the formulation of
the extra tasks is extremely simple. Observe that JFW¢Je = W, and that J?'W; reduces to
W, where ¢ indicates the joint limmit avoidance task. Thus computationally the joint limit
avoidance task isextremely fast. To avoid chattering when the joint limit avoidance task is
activated and deactivated, W is formulated as a continuous function of 8, eg. at the lower
joint limit:
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where 0,,4: and Orara arc the soft and hard joint limits.

2.2.2 Trajectory Generation

Two different trajectory generators are implemented in the system. The first trajectory
generator produces smooth continuous cycloidal functions to make a straight-line transition
from the initial to the final values in the specified time [5). A second via-point blending
trgjectory generator is also implemented in the system [11]. The via-point blending trajectory
generator alows the specification of several viapoints. The algorithm generates a smooth
trajectory between the points, while gradually Mending the velocities from onc via-point to
the next.



2.2.3 Contact Control interface

In this section, we discuss two issues rclated to implementation of contact control schemes:
namely, coordinate transformation and trajectory perturbation.

Coordinate Transformation: A basic issue in contact control is the selection of the
appropriate frame of reference. T'wo choices arc commonly available: the stationary world
fraine {W} fixed in the workspace, and the moving tool framme {7’} attached to the tip of
the tool grasped by the end-eflector. The force/torque sensor is mounted at the end-eflector
such that the sensor frame {S} is rotationally aligned with the end-effector frame; otherwise
an additional transformation is necded. The tool frame is often obtained by translating the
end-eflector frame aong the end-effector z-axis by the tool length. For contact tasks, it is
more convenient to describe the task to be perforined in the tool frame {?7}. Typically, the
end-cffector approaches and contacts the reaction surface along the z-axis of {2'}. Therefore,
in our study, the tool frame {7’} is chosen as the contact frame of reference. As a consequence,
the parameters of the contact controller arc also specified in the tool frame. Now, since the
reference position trajectory is specified in the world frame {Wj}, the position perturbation
Xy generated by the contact controller must be transformed from {7’} to {W} to modify X,.
This transforination is given by

wy . ““"A])') (;ﬂ]i ! AI')
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which only involves the rotation matrix {1 from {7’} to {W} ,[9,p.58].1n (4), Ap and A¢
denote tire positional and orientational perturbations and the leading subscript is the frame
of reference. Notice that the elements of A+ produced by the contact controller arc treated
as independent orientation perturbations about the coordinate axes, i.e. as changes in the
equivalent angle-axis representation of orientation.

Trajectory Perturbation: We shall now examine closely the trajectory perturbation
caused by the contact controller. As shown in Figure 3, the contact control scheme is imple-
mented as the outer feedback loop to generate the position perturbation X, which modifies
the reference position X, to produce the position sctpoint X4 which is sent to the arm control
systemn for tracking. I.et the current position and orientation of the tool relative to {W} be
given by the 4x4 transformation matrix

. (1 Pn)

where tisthe 3x3 rotation matrix which describes the end-eflector orientation, and py is
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the 3x1 position vector denoting the end-effector position. lLet the 6x1 vector X, generated
by the contact controller be defined as

AV

where Ap represents the three trandational (i.e. position) perturbations, and A¢ denotes the
three rotational (i.e. orientation) perturbations around cach axis. Then, for the translational
clements, we simply have

p2 = pr— Ap (7)

¥or the rotational perturbations, wc first compute the 3x3 rotational matrix AR from A¢
which describes the relative change in orientation [9,p.52]. Then, the current end-eflector
rotation matrix I¢; is modified to

R, = I . AR (8)

where the rotation matrices are treated as operators. ‘Jbus, the modified position aund orien-
tation of the end-eflector are given by

e ()

This matrix provides the setpoint Xa for the inner Cartesian position control system of the
arm for tracking.

2.3 Software Architecture

In this section, we discuss the software components of the VME environment used for real-
time control of the manipulator. All of the software executing in the VME environment is
written in the C language. The code is developed on a SUN UNIX Workstation utilizing the
Wind River's development environment and the vxWorks real-time kernal as the operating
system. This environment consists of a C compiler, aremote symbolic debugger, and the
Stethoscope real-time monitoring software tool, The code is downloaded through F¥thernet
to the target processor boards for execution.



Figure 4 shows the software structure of the VME-based controller. The VM, chassis
hosts two Motorola. MV167MC68040 CPU cards that perforin al the necessary computations
to provide real-time control of the manipulator. The user interface(ui) task interfaces with
the high-level system residing in the IRIS to receive user commandsand to send acknowl-
edgment and state information after exccution of the cominands. The information is routed
bi-dircctionally through Fihernet using UNIX sockets. Once a command is received from the
IRIS, the ui task parses the command and then writes appropriate comiand information into
the shared memory card to pass the data along to the other tasks. All commands from the
IRIS are acknowledged by the controller. Every reply from the controller contains the state
of the systein which includes informationsuch as sensor data, current joint angles, current
mode, and Cartesian task values.

The hand controller task is designated to perform data acquisition. It controls the
activities of the Analog-to-Digital (A/D) converter boards which arc used to read in baud
controller inputs and sensor data. The first A/l) board reads in various voltage outputs of
the six potentiometers on the hand controllers. in addition, it monitors the three switches on
the rotational grip hand controller. The second A/D board reads in the sensor data fromn the
temperature sensor, gas sensor, and the two proximity sensors. The he task currently rum
at 33 Hz.

The force/torque sensor(fis) task reads the force/torque sensor data through the A/D
board at 400 Nz, and deposits the data into shared mnemory.

The control(ctrl) task performs real-tilnc trajectory gencration, kinematic computations,
an d contact control. Both automated and teleoperated moves arc supported in a | three
mode: joint mode, Cartesian world node,and Cartesian tool mode. InCartesian mode, the
arm can be moved with reference to its tool fraine (tool mode) or an absolute base frame
(world mode). Tool mode enables the user to move the joints of the robot in a coordinated
manner such that the user has the notion of moving the tool as if it is being held by the
user’s hand (e.g., holding onto a screwdriver and moving the handle to control the tip of the
screwdriver), World mode is used when the user wishes to move the robot with respect to a
fixed user-defined frame. The trajectory generation, kinematics and Jacobian computations,
configuration cent rol computation, Cholesky decomposi tion, and cent act control comput at ion
take approximately 2 rns to complete. in this process, the differential desired Cartesian
commands (AX,) arc converted to differential desired joint commands (A84), which arc then
integrated and the desired joint angles #4 are sent to the arm control unit for execution.

The Robotics Research servo(rrs)task is designated to execute the arm interface driver at
every servo cycle, thereby maintaining constant communication with the arm control unit.
The arm control unit has the Electronic Servo-1.evcl Interface, which allows the user to
communicate directly with the joint servo motors through dual-port memory locations on
the RRC system. The maximum rate of communication is 400/ 2 (i.e., a sampling period of
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2.5ms). Kach joint servo motor can beindependently commanded inany of the four modes:
position, velocity, torque, and current. This feature enables the operation of the robot under
both kinematic and dynamic control scheines, and thercfor cfacilitatc svalidation of a varicty
of arm control laws. The feedback inforination such as the actual position, velocity, and torque
values arc also accessible from the dual-port memory. Wc arc presently communicating at the
maximumn rate of 400 Hz, and all seven joints arc commandedin position mode. The driver
performns all the necessary handshakes with the arm control unit software and conversion of
data into appropriate formats. in addition, joint position and velocity limits are also checked
at each cycle for safety reasons.

3 Gravity Compensation

To properly measure the forces and torques exerted by the manipulator on the environment,
the weight of the. tool beyond the Force/’ Jorquc (1{'/ 1') sensor must be compensated for. This
section describes the gravity compensation calculations used in the control system.

The payload extending beyond the F/T sensor is modeled as a point mass with a center
of gravity at a distance d beyond the ¥ /T sensor frarnc, as shown in Figure 5. Note that
the world frame is defined with the z-axis aligned with gravity but in the opposite direction.
Without loss of generality, the ¥/T sensor frame is assumed to be aligned with the tool frame.
If the physical sensor is not aligned with the tool frame, an additional transformation can be
applied to obtain the measured forces and torques inthe sensor frame as defined here.

The following notational conventions arc used:

. a leading superscript indicates the frame of reference

. a leading subscript indicates the frame of reference of interest relative to the specified
frame of reference

e a superscript indicates a name

. a subscript indicates a point in space
o I* - force

« N - torque

« R - rotational matrix



Thus

Ul]IrngDU
indicates the for-cc due to gravity exerted at point g expressed inthe {W} frame.Similarly
ol

is the rotation matrix expressing the {W} frame in the {S} frame. The relevant framnes arc
the world frame {W}, the ¥¥/T sensor frame {S}, and the frame {G} at the center of gravity
9 of the tool in the end-effector. The frame {G'} is also chosen to be rotationally aligned with
the {S} frame. The distance d is mecasured aong the positive z-axis of the sensor frame. Let
us assume for now that the values for d and the weight of the tool, ¥, arc known. Thus

m],'vggrau > (o o, ],/')7
For gravity compensation, wc need to determine the effect of the tool weight on the sensor:
a],vgrau a7ld aN_qrav
3 a

i.c., the forces an d torques exerted on the sensor due to the tool weight, in the sensor frame
{S}, The values of these forces and torques can then be subtracted from the measured forces
and torques by the sensor to determine the true forces and torques exerted by the environment
on the sensor. These forces and torques can then be used in the contact control algorithms.
The usual convention is to consider the forces and torques exerted on the environment by
the manipulator, which simply involves changing the sign of the gravity compensated forces
and torques reported by the ¥/T sensor. The contact control agorithms can also apply a
transformation to these forces and torques to deterinine the forces and torques at the point
of contact, or at the point of interest in the environment. Note that the amount of gravity
compensation changes with the configuration of the arm. The force-torque transformation

on a rigid body is given by [9,p.181]:

8 Jrgrav s g Jograv
F ‘R0 Fs
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1
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Since we assumed that the {G'} frame is rotationally aligned with the {S}frame, 21 is the
identity matrix. Evaluating the terins on the right-hand-side of (] ()).* * °~

0
*F, is the vector O
(d)
0. -dd ©
*Py x operator is thus d 0 0
0O 0O

The second term on the right-hand-side of (1 O) can be calculated as follows:

0 ao
yﬁ;qrau - f}{ an:rau — aﬁ;qrau - :,]{ w];;qrau - :U]g (0) — (a]) E
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where (a,, al, a2)7 is the third column of 2 R, and is known from forward kinematics f the
manipulator. Similarly,

INgev = S, X ROFE® 43 RN NS o LR wnger . 0

since ¢F, and “N£"*¥ arc zero. The tool dots not generate any torques in free motion. Thus
(10) reduces to:

ap
(Q_I,v.grau =-9 ]g:qrav = ay ]’/' (11)
(%)
@y
oN;grou — a. dE (12)
(%)

Equations (11 ) and (12) are the gravity compensation values. They can be subtracted directly
from the measured forces and torques of the sensor expressed in the sensor frame {S}. Thus

a],'v‘comp = 8 ,w.mcaa - l];‘f'“” (13)
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Once the true contact forces and torques are foundin {S}, the gravity -compensated contact
forces and torques in the tool frame {7’} arc obtained as [9,p.181]:

t],vtcomp :1£ O a],,"comp
( ) -

tNtcomp t])a X: ]{ :]i v aN:omp
where {1 is the identity matrix, since the frames {S} and {7'} are rotationally aligned,and
tPy= (0, O, —I)7 where I is the distance between the origins of {S} and {7'}. Note that
using equations (1 1) and (12), the weight of the tool, F, and the distance to the center of
gravity, d, can be determined experimentally with the /1" sensor and the manipulator. This
isdone by placing the sensor frame in a known configuration without being in contact with
the environment. In this case, the compensated forces and torques by definition arc zero. It
is simplest to align the tool frame with the principal axes of the world frame. If the tool

frame is placed such that it is aligned with the world frame z-axis, then @o=a,= O, and
az=1. Then the measured force by the sensor should be equal to the weight of the tool,i.e.

0
3]',‘8"3600 - 0
K

Once J/ is determined, the sensor frame z-axis can be aligned with the the world z-axis. In
this case, @ao= 1, a;=@2= O, and d can be calculated from (12) and (14) as:

0
ON:IICGO = d],l'
0

Note that there are an infinite number of poses that can be used for determnination of £ and
d.In practice, wc have used the two permutations of aligning with the world z-axis to get
the average weight of the tool, and the four permutations of aligning with the world z and y
axes to obtain an average value for d.

Determining the value of F and d with this method has its disadvantages. The accuracy
of the values is dependent on the accuracy of the forward kinematics and the joint positional
accuracy of the manipulator. 1t is probably better to determine # and d by other methods,
and usc the above method to check the. kinematic accuracy of the manipulator.
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4 Contact Control Schemes

In this sect.ion, we discuss threw types of contact control schemes; namnely, compliance control,
force control, and dual-mode control. The contact control schemes operate in the user-defined
too] frame {7’} where the task is defined and executed. The dynamic modeling and stability
analysis of the proposed position-based contact control systeins are studied in [1 3]. In this
section, the results arc presented without proof. Note that the term “ position” implies
position or orientation, and the terin ‘force” implies force or torque.

4.1 Compliance Control

A manipulator under Cartesian position control in contact with a reaction surface can be
adequately described in each Cartesian direction of contact by the second-order. transfer-
function [13]

F(s) ck.

X (s) $*as+b (16)

where k. is the surface stiffness, [a, b, c] arc the manipulator constants, and the origin of the
frame-of-reference is the point of contact between the end-effector and the reaction surface
with the x-axis in the direction of the applied force. ‘1 here arc four major sources of compli-
ance in the system due to: (i) the reaction surface where contact is made, (ii) the force/torque
sensor that measures the end-eflector/su rface interaction, (iii ) the joint servo loops of the ma-
nipulator which have finite stiffness, and (iv) the joint gear transinission system. Fromn (16),
the steady-state contact force ¥ is related to the position command X, by

. cke

==
It is seen that the environment ‘appears’ as a spring with the stiffness coefficient k== ck./b
to the position command, where k; is typically a large number. The basic concept of the
compliance control system shown in Figure 6 is to usc force feedback in order to reduce the
forward gain or stiffness k; in the end-cffector/reaction surface interaction. This will then
alow the reference position X, to be used as a command input to control the contact force
F as the output. Under compliance control, the reference trajectory is used differently for
the two categories of tasks. as the desired motion tragjectory in unconstrained tasks and as
the input command to control the contact force in constrained tasks. This is in contrast to
force control schemes in which a force setpoint is used to command the contact force.

j; X, = ko X, (17)
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The compliance controller used in this paper consists of the first-order lag k;/(7s41
in parallel with the feedforward gain k2 as shown in Figure 6,where [k, k2, 7] arc constant
parameters of the controller. This yields the comnpensator transfer-function

ky as+ B
K(s)= ~"" g hy= =21
(s) 'rs4]sl 2T gsq 1 (18)
where a =71k and B = k;4 k2. Notice that K (s) can be expressed as the “proportional-plus-
filtered-derivative” controller K(s)=k, ;—:ﬁ kgs,wherek,= B and kg = o — f7. Hence the
low-pas filter ;‘—’ﬁ removes the high-frequency noise superimposed on the measured contact
force before differentiation.

Applying the compliance controller K (s) given by (18) to the open-loop system (16) yields
the closed-loop tranfer-function

Fs) .. .. . _CkeTsdck 19
X,(s) 783 +4[ar 41]s? - [a 4 b7 + ckea)s + [b4 ck.f] (19)
It can readily be shown that since [a, b, ¢, k., arc positive, for closed-loop stability we require

Opin < Q H ﬂmin < ﬂ < ﬂmnz (20)
where
a+ br - b a4 a*1 4 abr? 1
Qi = =~ = 2 Jmin S e s ar = T -
o, ; ol B e —— o [a+ 7] (21)

Therefore, to ensure stability, it is sufficient to have

1
0< f<alat ;] (22)
A more conservative suflicient condition for closed-loop stability is found to be

g1
0<~c;<'; (23)

which ensures that K(s) is a phase-lead compensator. Now, the steady-state relationship
between the reference position X, and the contact force F' is obtained from (19) as
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It isseen that under compliance control, the reaction surface “appears’ as a spring with the,
apparent stiffness k,, = [k;l 4 B]~1. This is the equivalent stiffness of the series combination
of the two springs k; and 8~ representing the stiff 1esses of the open-loop system and the
complian cc controller, respectivel y. From (24), wc conclude that given the open-loop stifiness
ks, the controller stiffness # can be chosen such that the closed-loop system exhibits the
desired stiffness,provided that the stability conditions (20) arc not violated. observe that
increasing B will reduce k,, and make the end-eflector more compliant to applied forces, since
Kaop = 11 4 Bky] ks reveals that the open-loop stiffness &y is atered by the factor [1 + k]!
to produce the closed-loop stiffness k,,. Note that for hard contacts, k,,~ /?-. ¥quation
(24) provides a practical means to control the contact force }° by the position comnmand
X,. Notice that the compliance controller (18) dots not require the force derivative F for

implementation.

42 Force Control

In contrast to compliance control which is an implicit force control scheme, in this section we
describe an explicit force control scheme. in explicit force control, or force control for short,
the force setpoint F, is used as the command input to control the contact force F' directly
as shown in the block diagram of Figure 7, and the position command X, is deactivated
(held constant) during the execution of the contact task. The force controller k(s) now uses
the force error information ¢ == F — F, to generate the necessary control action so that the
cent act force F' tracks the force setpoint F,.

The force controller used in this paper is the proportional-plus-integral (Pl) controller

K(s) = k, ’” (25)

where k, and kare the constant proportion a and integral force feedback gains respectively.
This yields the force feedback law

Xy(t) = kye(t) 4 & [ e(t)dt (26)

where X is the position perturbation produced by the force controller. Applying the force
controller K(s) given by (25) to the open-loop system (16) yields the closed-loop transfer-
function
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Since [a, b, ¢, k.] arc positive,it can be shown that for closed-]Joop stability wc require
O < k< alk, -1 k;1) (28)
Therefore, to ensure stability, it is suflicient to have
O0<k < ak,, (29)

which is independent of the reaction surface stiflness k.. Now, assuming closed-Joop sta-
bility,the steady-state response of the contact force F to the constant force setpoint Fj is
obtained from (27) as

F= ]il'l(]) sk(s) = F, (30)

‘Jbus, the contact force tracks the force sctpoint accurately with zero steady-st ate error. In
fact, it can readily be shown that the closed-loop systemn rejects any step disturbances duc
to the position command X, or a force disturbance ¥4 in the sense that the contact force F
will exhibit a transient response but will not be affected in the steady-state. Furthermore,
the system is robust to parameter variations so that the steady-state setpoint tracking and
disturbance rejection characteristics arc preserved, provided that the closed-loop system re-
mains stable. These inherent features of the integral term make it a vital component in any
practical explicit force control scheme.

4.3 Dual-Mode Control

In this section, wc introduce a dual-mode contact controller for robotic manipulators. The
controller is represented by the transfer-function

K(s)= ---if- (31

where |a, 8,4, A] arc constants, This controller is used in two modes of operation: compliance
control or force control. For the compliance control mode,we set A = 1 and 7 =-(a user-
specified small positive number) so that K(s)=: 534 -[es + B) acts as a ‘filtered-Pl)”
compliance controller discussed in Section 4.1. In this mode, the controller input is the
contact force F' and the output is the position perturbation X,. This controller reduces the
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apparent stiffness of the reaction surface, and thus avoids the generation of excessive force
at iinpact compared to pure position control [K (.s) == Q]. For the force control mode, wc set
4= 1land A= O so that K(s) = er+ 18 acts asa Pl force controller discussed in Section 4.2.
This controller is driven by the force error e= F' - F,, where } and F, arc the actual and
desired contact forces,and produces the position perturbation X;.This controller ensures
that the contact force F' tracks the force setpoint F, accurately and rejects disturbances
duc to X, in the steady-state, The switching between the two modes is based on the value
of the measured contact force ¥'. When |F|< Fy, where Fy is a user-specified positive
threshold level, wc operate in the compliance control rnodc. When |F| > F7,, wc switch mode
automatically and operate in the force control rnodc.

In summary, compliance control is used during the end-eflector approach and impact
phase. This takes care of the uncertainty in the reaction surface location, and significantly
reduces the impact force compared to pure position control, since the end-effector behaves like
a soft spring. After the initial contact is established, the controller switches automatically to
force control mode to apply the desired contact force during the execution of the contact task.
This takes care of the uncertainty in the reaction surface stiffness for achieving exact force
control. Wc conclude that the dual-mode control scheme takes advantage of both compliance
and force control schemes during the operation. Observe that this scheme canbe viewed as
using “gain-scheduling” for the contact controller (31). !I’able 1 suminarizes the parameter
values for each mode of operation. Note that pure position control can bc retrieved by setting
c=0.
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5 Experimental Results

In this section, we present a set of experimental results on contact control using the three
contact controllers discussed in Section 4. The robotic manipulator used in these experiments
is the 7-DOYF Robotics Research Corp. (RRC)arin described in Section 2, and carries a
model 15/50 6-DOF Assurance Technologics force/torque sensor mounted at the wrist. The
configuration] control approach developed at JP1.{8] is implemented as the bascline arin
position control system. In unconstrained free-space motion tasks,this control systern ensure.s
that the cnd-effecter position and orientation, as well as a seventh user-spccificd task variable
such as the arm angle, track user-defined desired task trajectories accurately,

During contact with a reaction surface, the force/torque sensor measures the contact
forces and torques, ‘I'his sensory data is then fed back to the real-time arin control systemn
where it is ‘corrected” by the gravity compensation software module described in Section
3 to obtain the 6x1 vector /' of the true contact forces and torques. Each element of F'is
then passed through a contact controller which produces the position perturbation X to the
referen ce motion trajectory X;. The rea-time system runs at thesampling frequency of
400112. Since the tool contacts the surface in only one direction, the z-axis of the tool frame
is considered for contact control and the X andy translational motions as well as the three
rotational motions of the end-cflector are operated under pure position control. Note that in
the contact experiments, the x and y axes of the tool frame {7'} are paralel to and in the
same direction as the x and y axes of the world fraine {W}, while the z axes of the two frames
arc parallel but in opposite directions. The force setpoints and contact forces discussed in
this section arc expressed in the world frame and should be changed in sign for the tool frame.
In this experimental study, two types of reaction surfaces arc considered: a “soft” surface
which is a cardboard box and a ‘hard” surface which is a stecl plate. No passive damping
elements, such as rubber padding or sponge, are used to reduce the end-¢ffector stiffn ess.

Four sets of experiments arc now described:

5.1 Experiment 1: Open-Loop Response

Before describing the contact control experiments, a simple test is conducted without force
fecback by setting K(s)= O and operating under pure position control. The end-effector
is commanded with the hand controller to move down and’ make contact with the steel
plate resting on a table, The end-eflector position coordinate and contact force are recorded
during the experiment and are depicted in Figures 8a-8b. From these figures, it is seen that
a. change in position of Az, = 3.32 mm produces a change in contact force of Al = 42.86
Nt. Therefore, in the absence of force feedback, the stiffness of the manipulator is equal to
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ky = %i = 12.91Nt/mm (32)
This is largely due to the compliance of the joint servo loops and gear trains since the reaction
surface and force/torque sensor arc both very stiff.

5.2 Experiment 2. Compliance Control

Experiment 1 is repeated but this time the contact force isfed back through a compliance
cent roller to reduce the end-eflector stiffness, as d iscussed in Section 4.1. The compliance

controller used is

_.0.01s4 0.5 as+ f8
= 3. —— T g et
K(s) =107 e = 107, +1

where 10-3 converts the unit of the controller output from millimeter to meter. The lag
time-constant 7 =: 0.05 is chosen so that the cutoff frequency of the low-pass filter is at 20
rad/sec. The controller gains e = 0.01 and 8 = 0.5 were found empirically, Under compliance
control, the end-eflector is commanded to approach and make contact with the steel plate
resting on the table. Figures 9a-9b show the variations of the cncl-effecter position z, and the
filtered contact force F' during the experiment. From these figures, it is seen that a position
change of AZ> = 10 mm produces a force change of AF = 17.5 Nt. Therefore, the apparent
stiflness of the steel plate as seen by the position command =z, is

(33)

AF .
Kagp = An 115Nt /mm (34)
in comparison with experiment 1, it is evident that the compliance controller has caused a
reduction in the stifflness from 12.91 to 1.75, which is a change by a factor of 7.4. The position

command 2z, can now be used to control the contact force F through the relationship

AF =kqp . Az, (35)

Observe that Figure 9b also shows the perturbed motion trajectory 24 = 2z, - zy which is
tracked by the robot position control system.

The experiment is now repeated using the cardboard box as the reaction surface but with
the same compliance controller K(s) as before. The plots of the commanded position z, and
the filtered contact force F* arc depicted in Figures 9c¢-9d. It is seen that the same position
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change of 10min now causes a smaller force change of 12.86Nt; hence the apparent stiffness

of the box is
kap = 1.286 N1/ (36)

Notice that the equivalent stiffness during soft contact is smaller than that during hard

contact, as expected. Furthermoreakis always smaller than both the surface stiffness ay,d
the controller stiffness (8~1), assumning 8 >O0.

5.3 Experiment 3: Force Control

in this experiment, the end-effector is operated under force control and makes contact with
both the hard surface (steel plate) and the soft surface (cardboard box). The force controller
used is 15 i
K(s)= 10" [0.054 =] = 1073 [k, 4 S k] (37)

which is of proportional-integral type as discussed in Section 4.2. The values k, = 0,05 and
k= 1.5 were found experimentally, and 10-3 converts the controller output from millimeter to
meter. The system is driven by the force setpoint of F, == —10Nt initialy, and subsequently
the setpoint is changed to —20Nt{ and ONt. The experimental data is depicted in Figure
10a and shows that the contact force F' tracks the force command F, very accurately in al
three cases of F,= — 10, —20, ONti. The transient response shows slight oscillations which
are damped out very rapidly. To demonstrate the disturbance rejection property of the
force control system, the experiment is repeated with F, = -- 10Nt. After the contact force
reaches the steady-state value of F=-F,= -- 10N{, the position input z, is perturbed by
1 Omm away from the surface followed by 10mm toward the surface, Figure JOb shows the
response of the contact force F' to this disturbance input. It is seen that the contact force ¥
is decreased momentarily due to the decreascin 2z, and is then restored rapidly to the force
setpoint F, = — 10; and subsequently [’ is increased momentarily due to the increase in 2,
but is restored rapidly to F,. Thus the disturbance input =z, nas NO steady-state eflect on
the contact force F'. From Figures 10a- 10b, wc conclude that the force control systemn has
demonstrated the properties of command tracking and disturbance rejection.

The experiment is now repeated with the soft surface (cardboard box) using the same force
controller K(s) as before, Using a staircase force setpoint of F,=~10,--20, O0Nt, the response
of the contact force F' is shown in Figure 10c. It is evident that the contact force tracks the
force setpoint very closely for allcases with no overshoot and a fast transient response. In
comparison with Figure 10a, it is seen that using the same force controller K(s)the force
response has damped oscillations with a large peak overshoot for hard surface contact but
exhibits a non-oscillatory response for soft surface contact. This is expected in view of the
fact that the high surface stiffness yields a large loop gain which makes the system oscillatory,
whereas the low surface stiffness produces a small loop gain, thus preventing oscillations.
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5.4 Experiment 4: Dual-Mode Control

As sewn in experiment 2, compliance control has the disadvantage that the apparent stiffness
and hence the contact force arc dependent on the reaction surface stiffness, but has the
advantage of using the same command input (2,) during both non-contact and contact phases
of the task. On the other hand, from experiment 3 it is evident that force control achieves
force setpoint tracking regardless of surface stiffness; however requires switching the command
input from 2z, to F, during the transition from non-contact to contact treks. In this section,
wc present the experimental results for the dual-mode control scheme described in Section
4.3 which combines the advantages of both compliance and force control schemes ina single
control] cr.

in this experiment, the end-eflector is under dual-mode control with

sas* f (39)

K(s) = 10 —<7 4

The task is to approach the hard surface (steel plate), make an initial contact with a low
impact force, and then attain a desired contact force of F,= —30Nt. The force threshold for
transition between compliance and force modes is set to Fy = -—-3Nt.For |F| < 3Nt,K (s)
acts as the compliance controller (33) by setting «=:0.01,8 =0.5,7=0.05, and A= 1. For
iF'| > 3Nt, the parameters of K(s)are set to a = 0.05, 8= 15 v=1, A= O to retrieve the
force controller (37). In this experiment, the end-cflector is initially commanded to penetrate
approximately 5mm inside the contact surface under compliance control, and subsequently
servo to the force setpoint of —30Nt¢ under force control after contact has been established.
The experimental results are shown in Figure 11a, It is seen that the end-eflector impacts the
surface gently, and then attains the force setpoint of — 30Nt, as desired. Thus, the dua-mode
controller has the advantages of a small impact force and accurate setpoint tracking. Notice
that while in force control, the position command to penetrate into the surface is treated as

a disturbance input and is suppressed by the force control] cr.

The experiment is now repeated with the soft surface (cardboard box), and the results
arc depicted in Figure 11 b. Again, the force response demonstrates a small impact force
combined with accurate setpoint tracking. The force response in Figure 11 b has a small
overshoot in contrast to Figure 1la duc to the low value of the contact surface stiffness.

5.5 Practical Considerations

In the course of the above contact control experiments, we encountered the following practical
considerations:
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5.5.1 Y¥orce Noise

The contact force signal measured by the ATI force/torque sensor contains a significant
noise component[12]. This measurement noise has a detrimental effect when the control loop
has any differentiating components. To overcome this problem, a first-order filter is often
employed and the cutoff frequency is chosen so that the noise frequency lies in the stop-band
of the filter. The ‘filtered” noise-free force signal is then used in lieu of the ‘raw” noisy
force measurement. Although filtering of the force signal is an eflective means for removing
the noise, it inevitably introduces an additional phase-lag into the systein which reduces the
stability margin and contributes to closed-loop instability. Therefore, a stability analysis
must be carried out when the force filter is added to the contact control systcm.

5.5.2 Effects of « and k, in Contact Control

The inverse kinematic algorithm that generates the joint sctpoints 84 for the low-level servos
requires both the desired Cartesian position X4 and the desired Cartesian velocity A4, sce(1).
Therefore, the forward path contains a differentiating element acting on X4 to produce Xd-
The compliance control algorithm consists of the gain k, acting on the filtered force and the
gain k2 acting on the raw force, Similarly, the force control algorithm is composed of the
gain k operating on the raw force integral and the gain k, operating on the raw force. The
integrator in the force control algorithm acts as a low-pass filter and attenuates the effect of
the force measurement noise at its output. The proportional gain, on the other hand, passes
through the raw noisy force signal and reproduces the noise at its output. Since the raw force
signal contains substantial noise, the values of the gain a (= k27) in compliance controller
and k, in force control must be very small so that the noisy raw force signal entering the
control loop dots not drive the system unstable. ‘J his fact was confirined experimentally since
in experiments 2 and 3 it was found that increasing « and k, led to closed-loop instability.

5.5.3 Effect of/? in Compliance Control

In the compliance control experiment 2, it was found that 8 determines the apparent stiffness
of the end-effector so that increasing B will lead to a more compliant end-eflector; namely
kop = [k;'+ B)! =[1+4 Bks] ky. ‘I’he stability of the closed-loop compliance control system
is determined by the loop gain SBk;. Therefore, when the reaction surface is soft, a large value
for # can be used yielding a very compliant end-effecter; for instance, when the end-cflfector
is held by the human hand which is naturally compliant, it can be made to behave like a soft
spring. On the other hand, when contacting a hard reaction surface, a small value of # must
be used to ensure stability, and this reduces the end-eflector compliance.
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5.5.4 Effect of k; in Force Control

It was found in experiment 3 that ki determines the speed of response of the contact force to
the for-cc setpoint. When ki is small, the response is sluggish and decreasing #: will increase
the response time. On the other hand, when kiis large, the contact force responds rapidly
with some oscillations, and increasing ki will result in increased oscillations and ultimately
instability. The stability of the closed-loop force control system is governed by the loop gain
kiks. This implies that in contact with hard surfaces, a small value of ki must be used;
whereas for soft cent acts, a large value of ki can be adopted.

5.5.5 Effect of Sampling Frequency

Inall contact control experiments,it was found that lowering the sampling frequency of the
control system necessitates a reduction in the controller gains in order to maintain closed-loop
stability. This,in turn, leads to .poor system performance. On the other hand, increasing
the sampling frequency alows higher controller gains to be used without encountering insta-
bilit y, which leads to an improved system performance. Therefore, since the contact control
algorithms can be evaluated very fast, the samnpling frequency was chosen as 400H z,which is
the highest frequency achievable in our experimental system.

6 Contact-Based Eddy-Current Inspection Task

Il this section, wc describe the utilization of the contact control schemes discussed in Section 4
to perform a contact-based eddy-current inspection task. The purpose of the task is to detect
fine cracks on a surface that are not noticeable using vision-based inspection techniques. The
eddy-current sensor is a small probe approximately 3 mm in diameter and 2 cm long. The
eddy-current sensor is installed on the end-eflector close to the tip of the gripper.

To perform the inspection task in the Remote Surface Inspection Laboratory, the manip-
ulator is operated from the graphical user interface which resides on the IRIS Workstation.
This interface is expanded to include features for the eddy-current inspection task, such as
selecting the control mode for each Cartesian DOF, setting parameter values of the contact
controllers, specifying the desired force setpoint and force threshold, displaying the values
of t he cent act forces and torques, and defining the scan path. To perform the task, we use
the compliance, force, and dual-mode control schemes described in Section 4. The control is
exccuted at the tool frame {T} attached to the tip of the end-effector, which is represented
relative to the world frame {W} by the six coordinates: p.,py,andP. positions and ¢, ¢y,
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and ¢, orientations. The advantage of using the tool frame {7’} for eddy-current inspec-
tion is that the task can be performed with theinspection surface in any orientation in the
workspace using the same controller parameters. Each of the six end-cflector coordinates
{Pry Py, P2y @2, @y, 62} can be operated independently from the graphical user interface in any
of the four control modes: position(l)), compliance(C), force(l"), and dual(l)). The selectabil-
ity of control mode for each Cartesian DO F provides the user with considerable flexibility
and versatility for executing different phases of the task.

The complete eddy-current inspection task is comprised of six phases: (i) staging, (ii)
approach /touching, (iii) leveling, (iv) scanning, (v) relaxing, and (vi) retracting. }ach phase
isnow described briefly:

6.1 Staging Phase

In this phase, the end-eflector is operated in the [P, P, P, P,P,P] control rnodc, i.e. al DOFs arc
in position mode. Using an autonomous position command, the end-eflector is moved to a
‘staging” position and orientation facing the inspection surface at a distance of approximately

1 Ocm.

6.2 Approach/Touching Phase

The end-effector control mode is now set to [1,1°,1) }.} ¥], with the force and torque setpoints
in I-mode specified as zeros and the force threshold level in D-mode set as ¥r = 3Nt. The
end-effector is now commanded to move forward and touch the surface. Since the end-
eflector translational z motion is now under compliance control, the forces sensed by the
wrist-mounted sensor are used to reduce the apparent stiffness of the end-effector, thereby
reducing the impact forces at contact. This results in a gentle contact between the end-effector
and the surface.

6.3 Leveling Phase

Since the end-eflector can potentialy contact the surface at a tilted configuration, it is nec-
essary to level the end-effector on the surface before initating the scanning motion. This is
accomplished by using the previously-set control mode [F,F,D,F,¥,F]. This causes changes in
the end-eflector position and orientation to nullify the forces and torques generated due to
an unlevel contact. The force control agorithm reduces the unwanted forces and torques to
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zero and makes the gripper fingers pivot and level themselves. At the end of this phase, both
fingers are in full contact with the inspection surface.

6.4 Scanning Phase

In this phase, the end-effector is operated in the [1’,P,D,F,F¥] control mode. The P-modes
in the translational = and y axes cause the motion of the end-effector on the surface. The
D-mode in the translational z axis maintains a constant contact force of F;,=20Nt during
scan. The F-mode with 7; = 0Nt.m ensures a good level contact between the end-effector
and the surface during the entire scan. The scan path is typicaly a back-and-forth motion,
and the scan lines are approximate] y 20 cm long and separated by 2 cm, The user designates
the scan path from the IRIS to cover the square ABCD of interest on the inspection surface.
The path begins at the user-designated start point A and performs a raster scan to reach
the end point D. The user can specify the length and separation of the scan lines,and time
for completion. The scan path is given to the manipulator control system in the form of a
sequence of via-points for traectory generation,

6.5 Relaxing Phase

After the completion of the inspection, the force exerted by the end-effector on the surface
is relaxed prior to retraction. This is achieved by operating in the [P, P,D,F,F,F] control
mode with a small force setpoint of F, = 4Nt, so that the cnd-effecter is barely touching the
surface.

6.6 Retracting Phase

in this phase, the end-eflector is operated in the [1',1',1',1’,1',1'] control mode. In this case,
position commands are issued to move the end-effecter to a pre-defined position and orien-
tation so that it faces the surface at a distance of approximately 10cm. This completes the
eddy-current inspection task from the arm control perspective.

Figures 12a-12¢ and 13a-13C depict the variations of the forces and torques in the tool frame
exerted by the end-eflector during the entire inspection task. It is seen that the torques arc
reduced to zero by the controller to ensure leveling, while the contact force is maintained
around the desired setpoint throughout the scanning operation.
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7 Conclusions

Three control schemes for manipulators in contact with their environment are described in this
paper. The control schemes are praginatic since they arc based on the existing position control
system provided by the robot manufacturer. ‘I’his makes the schemes easily implementable
on industial manipulators where access to the joint torges is often not provided.

Another important feature of the proposed control schemes is their simplicity which leads
to very fast computational algorithms. ‘I’his enablesthe usc of a high sampling frequency
in the digital control implementation of the control schemes. The frequency of sampling
is a critical issue in contact control schemes,since the control loop contains a typicaly large
gain associated with the environmenta stifflness which makes the closed-loop system unstable
at low sampling frequencies. In addition to enhanced stability, a high sampling frequency
allows larger gains to be used in the contact controller which, in turn, lead to improved

system perforiance.

Finally, it is noted that the dual-mode contact controller presented in this paper is con-
structed from the compliance and force control modes to soften the initial impact with the
surface and subsequently achieve force regulation. This combines the attractive features of
both the compliance and force control schemes into a unified single gain-scheduling contact
controller which enjoys the advantages of complh ante and force control, without suffering
from their shortcomings. This is accomplished by operating as a compliance controller at
initial impact with the reaction surface to reduce the force imparted on the surface, and then
switching automatically to force control to regulate the contact force when the initial contact
has been established. In this manner, each control mode is utilized when it is most appro-
priate. Thus the dual-mode controller provides a practical solution to the impact control

problem.
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Figure 6. Compliance Control System
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Figure 7. Force Control System




Figure 8a. No Force Control (Hard Surface)
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Figure 8b. No Force Control (Hard Surface)
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Figure 9a. Compliance Control (Hard Surface)
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Figure 9b. Compl.ance Control (Hard Surface)
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Figure 10a. Force Control (Hard Surface)
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Figure 10b. Force Control (Disturbance Rejection)
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Figure 10c. Force Control (Soft Surface)
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Figure 11a. Dual Mode Control on Hard Surface
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Figure 11b. Dual Mode Control on Soft Surface
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Forces

Figure 12a. Forces During Touch and Level Phases
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Forces

Figure 12b. Forces During Scan Phase
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Torques

Figure 13a. Torques During Touch and Level Phases
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Torques
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